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a  b  s  t  r  a  c  t
High  deployment  of electric  vehicles  (EVs)  imposes  great  challenges  for the  distribution  grids,  especially
in unbalanced  systems  with  notable  voltage  variations  which  detrimentally  affect  security  of  supply.  On
the other  hand,  with  development  of Vehicle-to-Grid  technology,  EVs  may  be  able  to  provide  numer-
ous  services  for grid  support,  e.g., voltage  control.  Implemented  electronic  equipment  will allow  them
to exchange  reactive  power  for autonomous  voltage  support  without  communicating  with  the  distribu-
tion  system  operator  or inﬂuencing  the  available  active  power  for primary  transportation  function.  This
paper  proposes  a voltage  dependent  EV  reactive  power  control  and  quantiﬁes  its  impact  on  a  real  Danish
low-voltage  grid. The  observed  network  is  a heavily  unbalanced  three-phase  four-wire  grid  modeled  in
Matlab  SimPowerSystems  based  on  real hourly  measurement  data.  Simulations  are  performed  in order
to evaluate  phase-to-neutral  voltage  support  beneﬁts  as  well  as  to  address  neutral-to-ground  values,
active power  losses  and  the  unbalances  at  the  same  time.  The  analysis  shows  that  reactive  power  sup-
port  both  raises  minimum  phase-to-neutral  voltage  magnitudes  and  improves  voltage  dispersion  while
the  energy  losses  are  not  notably  increased.  Further  on,  since  the  control  is  voltage  dependent,  provided
reactive  power  is  unequal  among  the phases  leading  to greater  support  on  heavily  loaded  phases  and
decreased  unbalances  caused  by  residential  consumption.  Hence,  implementation  of such  a phase-wise
enhanced  voltage  support  could  defer  the  need  for grid  reinforcement  in  case  of  large  EV penetration
rates,  especially  in highly  unbalanced  networks.
© 2016  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Distribution system operators (DSOs) have historically designed
and operated their networks in order to follow a predicted demand
with single-direction power ﬂow only. Nowadays, due to increased
share of renewable energy resources, DSOs are confronted with
changes in the low-voltage grid operation [1]. Additionaly, since
the market share of electric vehicles (EVs) is expected to grow sig-
niﬁcantly in the following years, even greater system complexity
is imposed [2,3]. Danish Energy Association predicts 47,000 EVs in
Denmark by 2020 in a moderate penetration scenario [4] meaning
that distribution networks will have to cope with great increase in
consumption and overall voltage degradation, especially in unbal-
anced systems where voltage quality is already decreased.
Unlike in other European countries, the three-phase connection
is not reserved only for industrial consumers in Denmark, but it is
∗ Corresponding author. Tel.: +45 30585492.
E-mail addresses: kknez@elektro.dtu.dk (K. Knezovic´), matm@elektro.dtu.dk
(M.  Marinelli).
also available for residential customers. Distribution system oper-
ators experience high unbalances in the semi-urban areas where
more loads are eventually connected to phase a due to the lack
of regulation for per phase load connection [5]. Uncontrolled EV
charging in such grids may  result in violation of the minimum volt-
age boundary followed by the need for grid reinforcement. As an
economic alternative, different EV charging strategies can be used
for supporting the grid as well as providing various ﬂexibility ser-
vices.
An extensive amount of research has been made on coordinated
EV charging proving that such concept can be used for lowering the
impact on the power system [6] or providing ancillary services such
as frequency control [7]. Most of these strategies require an aggre-
gator to coordinate larger amount of EVs and, if possible, offer their
services to the power system operators. However, high local EV
concentrations may  occur before signiﬁcant penetration rates occur
on the higher level. Taking into account that residential EV charging
highly impacts the power proﬁle, voltage magnitudes and voltage
unbalances, different approaches are considered in order to allevi-
ate these adverse effects and make the grid compliant with existing
standards. In order to integrate electric vehicles in the distribution
http://dx.doi.org/10.1016/j.epsr.2016.06.015
0378-7796/© 2016 Elsevier B.V. All rights reserved.
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grid, both centralized and decentralized charging strategies have
been explored in the literature. Comparison of such two  charg-
ing strategies has been presented in [8,9]. Centralized algorithm
leads to the least cost solution and is easily extended to a hier-
archical scheme, but requires great communication infrastructure
for information exchange. On the other hand, decentralized control
provides similar results to the centralized one, both in terms of cost
and robustness against forecast errors. This would seem to favor
decentralized control since it is based on local measurements and
does not require additional communication infrastructure. How-
ever, the drawback is charging simultaneity since all controllers
would respond instantaneously to the measurements which could
eventually lead to instability in some cases [10].
It is shown across a variety of studies that centralized EV control
reduces losses, improves voltage stability and performs peak shav-
ing or congestion control [11–14]. In addition to linear optimization
methods, model predictive control is investigated for scheduling EV
charging with various network constraints [15]. On the contrary,
decentralized voltage dependent charging strategy which requires
only local voltage measurement is discussed in [16]. EV charging
power can also be modulated in order to compensate for the volt-
age unbalances [17], but such an autonomous procedure is possible
only for three-phase charging since the single-phase charger has
solely the voltage measurement of the phase to which the EV is
connected and therefore, does not have any information on the
voltage unbalances.
The impact of controlled EV charging on voltage proﬁles and
unbalances has been investigated mainly by modulating the active
power which inﬂuences the time needed for full charge and conse-
quently, the user comfort. On the contrary, reactive power control
(RPC) from electric vehicles has scarcely been discussed in the lit-
erature. Such reactive power compensation can be used for grid
support and mitigating induced voltage issues, both while vehicles
are charging, and discharging in Vehicle-to-Grid mode [18]. Balanc-
ing the phases by reactive power provision has been discussed in
[19] where centralized control is used for scheduling the vehicles
located on different phases, but this approach requires additional
communication infrastructure. Decentralized approach, more pre-
cisely, autonomous reactive power control based on droop control
has been investigated in [20–22], but only in the case of a balanced
system. The reactive power support in an unbalanced network has
been investigated in [23]. Despite showing that capacitive load
behavior in EV chargers has beneﬁcial impact on the voltage, this
approach assumes a ﬁxed power factor for all vehicles regardless
of the their connection phase which may  not be good enough for
high EV penetration rates in case of highly unbalanced networks.
1.1. Objectives
To the authors’ knowledge, phase-wise enhanced voltage sup-
port from electric vehicles has not been extensively discussed in
the literature so far. Not only does such a control provide volt-
age support while vehicles are charging, it also provides unequal
reactive power on different phases leading to greater support on
highly loaded phases and partial mitigation of unbalances caused
by other loads. Hence, this paper investigates the impact of voltage
dependent EV reactive power control on a residential low-voltage
network by conducting unbalanced three-phase load ﬂow, and
evaluating voltage deviations and several unbalance factors. The
modeled network represents a typical Danish semi-urban feeder
with high penetration of photovoltaic installations where hourly
consumption and production data are available for individual units.
Furthermore, the paper compares the phase-to-neutral along with
neutral-to-ground voltage beneﬁts at the expense of potential
increased currents and power losses aiming to assess the grid
impact as well as the need for including such a control in future
grid compliance regulations to allow better EV integration.
This paper is organized as follows. Section 2 presents the unbal-
ance indicators used for evaluating the results, and brieﬂy recalls
the standards regarding the voltage power quality as the main
motivation for presented voltage support. In Section 3, the applied
methodology has been presented, whereas the test case with the
description of conducted scenarios is given in Section 4. Finally,
the results are discussed in Section 5 followed by the conclusion in
Section 6.
2. Unbalance indicators
Contrary to other disturbances in the power system for which
the performance is evident for the ordinary customers, unbalance
belongs to those disturbances whose perceptible effects are pro-
duced in the long run. Unsymmetrical consumption and production
lead to voltage and current unbalances which imply greater power
losses, interference with the protection systems, components’
performance degradation and overheating possibly to the point-
of-burnout. To calculate the unbalanced voltages and currents
in three-phase systems, symmetrical components are generally
employed. The voltage unbalance can be decomposed into a direct
sequence voltage, an inverse sequence voltage and a zero sequence
voltage, with the relationship between the symmetrical sequence
systems and the initial system as follows:
⎡
⎢⎣
Udirect
Uinverse
Uzero
⎤
⎥⎦ = 13
⎡
⎣
1 1 1
1  ˛ ˛2
1 ˛2 ˛
⎤
⎦
⎡
⎢⎣
Ua
Ub
Uc
⎤
⎥⎦ (1)
where  ˛ = ej2/3. The same deﬁnition can be applied for deﬁning the
current direct, inverse and zero component.
For ensuring that electric appliances are operated in a safe man-
ner, the European standard EN50160 [24] deﬁnes acceptable limits
for several grid parameters. More precisely, the standard deﬁnes
the limits for rms  phase-to-neutral voltage magnitude (|Upn|) and
the voltage unbalance factor (VUF) as follows:
0.9Unom ≤ |Upn| ≤ 1.1Unom (2)
VUF ≤ 2%,  (3)
for >95% of all weekly 10 min  intervals, and
0.85Unom ≤ |Upn| ≤ 0.9Unom, (4)
for <5% of all weekly 10 min  intervals. The inverse sequence VUF is
deﬁned as the ratio between the inverse and direct component as
follows:
VUF−[%] = |Uinverse||Udirect |
× 100. (5)
There are many voltage and current unbalance deﬁnitions for
three-phase three-wire systems which assume that zero sequence
current is negligible since it cannot ﬂow through three-wire sys-
tems. However, the zero sequence unbalance has signiﬁcant impact
in the three-phase four-wire systems which are common in the
distribution systems, and should be taken into consideration when
assessing the unbalances in such cases. So, the zero sequence VUF
can be deﬁned as the ratio between the zero and the direct compo-
nent as follows:
VUF0[%] =
|Uzero|
|Udirect |
× 100. (6)
Current unbalance factors CUF− and CUF0 are deﬁned analo-
gously to VUF deﬁnitions shown in Eqs. (5) and (6). In order to
combine the impact of both VUF− as well as VUF0, i.e. to combine
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Eqs. (5) and (6), [25] proposed a new root mean square VUF deﬁned
as:
VUFrms[%] =
√
|Uzero|2 + |Uinverse|2
|Udirect |
× 100, (7)
which was found as the best ﬁtted variable for assessing unbalance
consequences, and can be applicable both for three-wire and four-
wire systems. Hence, the authors will use all three deﬁnitions to
evaluate the impact of the proposed control on the voltage unbal-
ances.
3. Methodology
With increasing penetration of small scale energy resources on
the distribution level, the net impact of many generators reaches a
level where the power quality is signiﬁcantly affected. Low voltage
distribution grids typically have the X/R ratio between 0.2 and 2 [23]
meaning that the reactive power contribution to voltage variations
should not be ignored. For comparison, [26] reports typical X/R ratio
to be between 6 and 9 for high voltage grids. Generally, as illustrated
in Fig. 1 and seen in Eq. (8), offsetting the reactive current Ii from
the voltage source with U1 has an impact on the voltage magnitude
U2 at the end of the line with the impedance (R + jX).
| U2 |=
√
| U1|2− | IiR + IrX|2− | IrR | + | IiX | (8)
Nowadays, there are already commercially available PV inver-
ters which can modulate the power factor and provide inductive
reactive power by using excess PV inverter capacity, which is even
requested by some standards [27,28]. Similarly, the principle can
be applied to electric vehicles which are equipped with advanced
power electronics [29], in order to mitigate the induced voltage
problems.
3.1. Voltage enhanced EV reactive power control
As EVs are big loads compared to other residential loads, if they
do not provide support to the grid, the DSO will be forced to employ
additional units for ensuring the power quality in case of high EV
penetrations resulting in the overall higher cost for the society.
The EV 4-quadrant converter can be enabled to exchange the reac-
tive power with the grid and provide voltage support. As seen in
Fig. 2, the nominal converter size Sconv and the EV active power
(PEV) determine the reactive power bounds (±Qreg) within which
the reactive power can be modulated (Q*). The complex power at
the point of common connection is then deﬁned by SPCC.
Fig. 2(a) presents the constant power factor concept which has
widely been investigated for PVs and somewhat for the EVs [23],
whereas Fig. 2(b) presents the proposed enhanced voltage support
with a dynamical reactive power set point. It can be seen that the
proposed enhanced reactive power support has a wider operational
range since the reactive power is dynamically calculated as a func-
tion of consumed active power as well as the voltage at the EV
connection point, i.e., the power factor is no longer ﬁxed but can
be dynamically changed during the operation, and can be either
inductive or capacitive depending on the grid status. Such reactive
Fig. 1. Impact of active and reactive power on the voltage magnitude.
Fig. 2. 4-Quadrant EV converter operating scheme while charging for (a) constant
power factor concept, and (b) proposed voltage enhanced support with dynamic
power factor.
power control is autonomous with no need for external communi-
cation since an on-board controller monitors the voltage conditions
during the charging process and compensates the voltage devia-
tions by calculating the necessary reactive power. The control can
adjust the EV power factor according to the local phase-to-neutral
voltage measurements, instantaneous active power and predeﬁned
droop control. Not only does the proposed control mitigate the
low-voltages induced by the EVs themselves, it also provides sup-
port in critical peak hours when other resources, e.g. PVs, are not
active and cannot provide any support. In case of the EV charg-
ing period coinciding with other local renewable resources which
inject power back to the grid leading to increased voltages even
with the high EV load, the vehicle will provide inductive reactive
power support potentially allowing more renewable resources to
be connected. The proposed control can be used for vehicles whilst
charging, but can also be expanded to the discharging period if the
vehicles have V2G capability. Moreover, since the inverter is sized
to provide reactive power additionally to the active power charg-
ing rate, there is no need for prioritizing between them, so the
proposed control provides voltage support without affecting the
state of charge, and consequently the user comfort and primary
transportation purpose.
Implemented droop control, which is a function of consumed
active power and the voltage at the EV connection point, can be
seen in Fig. 3. Voltage limits have been set according to the Danish
technical regulation for generation facilities with rated current
16 A per phase or lower [30]. Hence, the maximum capacitive
or inductive reactive power provision occurs at 0.9 and 1.1 p.u.
respectively. Considering that this regulation does not specify all
RPC requirements, the control has been modiﬁed according to the
Italian technical standards [27] since both countries belong to the
same synchronous region and therefore harmonization of regula-
tions is expected in the future. However, the dead-band where the
controller is active but provides no reactive power has been
Fig. 3. Reactive power control capability of the EV converter.
Please cite this article in press as: K. Knezovic´, M.  Marinelli, Phase-wise enhanced voltage support from electric vehicles in a Danish
low-voltage distribution grid, Electr. Power Syst. Res. (2016), http://dx.doi.org/10.1016/j.epsr.2016.06.015
ARTICLE IN PRESSG ModelEPSR-4735; No. of Pages 10
4 K. Knezovic´, M. Marinelli / Electric Power Systems Research xxx (2016) xxx–xxx
arbitrarily chosen and set to ±0.01 p.u. The reactive power limits
are assumed to be ±0.5 p.u. which equals to ±1.85 kVAr and cor-
responds to cos  = 0.9 (ind./cap.). For comparison, commercially
available PV inverters from SMA  Solar Technology have the pos-
sibility to modulate the reactive power up to cos  = 0.8 (ind./cap.).
Remaining RPC droop values have been obtained by linear
interpolation.
Similar droop control has been investigated in [21,22], but this
controller was based on the three-phase voltage measurements as
the considered system was  balanced. This paper proposes an EV
reactive power control dependent on the single phase voltage-to-
neutral measurements which implies the support to more loaded
phases, as well as partial mitigation of voltage unbalances caused
by other units in the grid. In addition, since the neutral conductor
is not grounded at the residential level and the control is based on
voltage-to-neutral measurements, the proposed controller is inﬂu-
enced by the ﬂoating neutral point. Moreover, as reported in [31],
a kick-back effect has been observed for larger amount of demand
response units reacting to the same input signal due to their syn-
chronous response, so a random term was introduced to diversify
the units’ behavior. Hence, short random delays have been imple-
mented in the proposed control to represent different response
times and in order for the EV controllers not to all react at the
same time, which partially mitigates the short-term synchroniza-
tion instability for high EV penetrations. This way the proposed
controller remains a cheap and simple solution which can be imple-
mented in all contemporary EV charging stations without the need
for additional communication infrastructure for unit coordination.
4. Test case
The analyzed 400 V feeder is a real semi-urban low-voltage
feeder located in Zealand, Denmark, and modeled based on the
information provided by the Danish DSO, a partner in the Nikola
project [32]. This feeder is radially run and connected to 10 kV
medium voltage network through a 400 kVA distribution trans-
former whose secondary star point winding is directly grounded.
As this is the only feeding point of the grid, the voltage source is
assumed to be a swing generator with three-phase short circuit
power of 10 MVA. In addition, it is assumed that the transformer’s
high voltage side is kept at 1 p.u. so the ±10% Un is completely
available for the LV regulation. However, this may  not be the case if
part of the range is reserved for MV regulation which could impose
additional need for voltage support.
As seen in Fig. 4, the 43 residential loads are three-phase grid
connected through 10 nodes (p ∈ {a, b, c}) with the common neu-
tral conductor (n) grounded only at the transformer substation. The
nominal phase-to-neutral voltage Un equals to 230 V. Depending
on their location and consumption characteristics, the loads can
be categorized in two groups: (1) Hørmarken indicated as area
A, and (2) Græsmarken indicated as area B. The peculiarities of
Fig. 4. Schematic overview of the observed network’s topology.
each group will be described later on. The feeder is composed of
13 line segments, all of the same type: Al PEX 4 × 150 mm2 with
R = 0.207 /km and X = 0.078 /km (X/R = 0.37), which corresponds
to typical low-voltage grid parameters, e.g., similar to the ones of
the CIGRE European low-voltage benchmark network [26]. The dis-
tance between the households and the transformer varies between
161 m and 398 m, whereas the cables are between 25 m and 112 m
in length. There are three additional feeders under the same trans-
former station which have been represented as a single aggregated
load connected to the low-voltage side of the transformer due to
the lack of data per individual house.
4.1. Residential consumption and PV production
As already mentioned, households are divided in two groups:
(1) houses in zone A which have implemented district heating and
therefore lower consumption, and (2) houses in zone B which have
heat pumps and consequently higher consumption during the heat-
ing period. All houses are equipped with smart meters, so individual
consumption proﬁles are based on real metering data from March
2012 to March 2013 with an hourly sampling rate. However, due to
the computational time, two characteristic weeks have been cho-
sen for further analysis: (1) a spring week in mid-May with low
consumption and high PV production resulting in the highest net
power ﬂow from the feeder to the MV grid in the observed year,
and (2) a winter week with high consumption and almost no PV
production resulting in the highest net power ﬂow from the MV
grid to the feeder in the same year.
Fig. 5 shows the total transformer consumption for the winter
week distinguishing the observed feeder from the total load, and
the average daily house consumption calculated as the mean of all
consumption values at the speciﬁc hour. It can be seen that the
observed feeder equals to around 40% of the total transformer load
as well as that households in zone B have higher consumption due
to installed heat pumps. Similarly, the same data analysis has been
conducted for the observed spring week when the total consump-
tion is much lower and the average daily proﬁles for the two zones
are similar. Table 1 summarizes the obtained consumption values
for both weeks.
The consumption values are based on the measured three-phase
power ﬂows with no insight into individual phase fractions. Since
residential customers in Denmark have the three-phase connec-
tion available and there is no regulation for load connection but it
Fig. 5. (a) Total weekly and (b) average daily consumption for the observed winter
week (phase distributed in ratio 50%:25%:25%).
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Table  1
Consumption overview for the observed weeks.
Season Transformer
weekly
consumption
(kWh)
Feeder weekly
consumption
(kWh)
Average daily
household
consumption
(kWh)
Spring 10,176 2,883 7.9/10.6a
Winter 25,416 12,251 14.2/56.4a
a Lower value stands for area A and greater for area B.
is solely dependent on the accredited electrician making the house
installation, household appliances are usually randomly phase con-
nected. However, based on the network operator’s experience, the
observed grid is heavily unbalanced with most of the loads con-
nected to phase a. Hence, it has been assumed that phase a is loaded
with 50% of the consumption, while the rest has been equally dis-
tributed among two other phases, i.e., 25% on phase b and 25% on
phase c. Additionally, the measured data does not contain the reac-
tive power component, so a ﬁxed power factor has been assumed
for all households based on DSO’s recommendation, i.e., cos ϕ = 0.95
(ind.).
As shown in Fig. 4, photovoltaic installations (PVs) are entirely
located in area B, except of one installation located in area A. There
are 27 PVs in total: 24 installations with peak power P = 2.96 kW
and 3 installations upgraded to P = 4.07 kW connected through a
3.6 kW or a 5.4 kW single phase inverter respectively. Similarly
to the load distribution per phase, the PV connection points are
not known either due to the lack of regulation. Hence, PVs in the
model have been randomly distributed on different phases taking
into consideration that the overall production per phase is approxi-
mately the same. In addition, one single PV representing aggregated
production in the three remaining feeders has been added to the
low-voltage side of the transformer. This production is balanced
among the three phases. Besides the residential consumption, indi-
vidual PV production is also measured on hourly basis for the same
year. By analyzing the data for the two observed weeks, it can be
easily concluded that the PV production is negligible in the winter
period whereas it exceeds the consumption multiple times in the
spring time. Table 2 summarizes the total PV production and aver-
age daily production per household for the observed weeks. The
later has been calculated on the same principal as the average daily
consumption, more precisely as the mean of all production val-
ues for the speciﬁc hour. By comparing the values for the observed
feeder and the remaining three feeders, it can be concluded that
most of the PVs are located in area B whereas only a small fraction
of the total production comes from the remaining feeders.
4.2. Electric vehicles
To every household in the observed Hørmarken–Græsmarken
feeder, an EV has been added resulting in 100% penetration rate.
However, looking at the transformer level, the penetration rate
is around 25% since there is approximately the same amount of
households under each of the four low-voltage feeders. If the pen-
etration rate was higher and EVs were present in other feeders as
well, the voltage at the low-voltage side of the transformer would
decrease resulting in higher voltage deviations in the observed
Table 2
PV production overview for the observed weeks.
Season Transformer
weekly production
(kWh)
Feeder weekly
production
(kWh)
Average daily
household
production (kWh)
Spring 3,404 3,096 17.0
Winter 38 32 0.2
Fig. 6. Implemented single-phase EV “dumb-charging” pattern.
feeder as well. Nevertheless, the analyzed case can be seen as one
of the biggest challenges for the network operator due to already
high unbalanced nature of the observed grid and high local EV
concentration.
Similarly to PVs, all vehicles are connected to a random sin-
gle phase with overall equal number per phase. It is assumed that
Mode 3 charging infrastructure [33] is used with single-phase 16 A
connection plug. The EV charging pattern has been taken from
Test-en-EV program where 184 vehicles were distributed to 1600
different Danish families over a three year period. It corresponds to
an average “dumb-charging” proﬁle which lasts for 5 h with total
14.3 kWh  of consumption per session, i.e., approximately 90% of the
total 16 kWh  battery. Moreover, the starting time is randomly dis-
tributed between 18:45 and 19:15. Based on the same data set, [34]
reports high probability (above 80%) for a single EV to be home after
18:00, so this paper aims to assess the worst case scenario when
all EVs are charging at the same time which corresponds to the
peak consumption hours. In addition, several parameters will also
be presented for a lower EV penetration rate of 50%.
The charging process represented at Fig. 6 can be divided into
three speciﬁc periods: (1) charging at the 3 kW rate for the ﬁrst
hour, (2) charging at the nominal 3.7 kW rate for the following 3 h,
(3) charging at 0.2 kW rate in the last hour. The charging efﬁciency
is included in the charging pattern. However, since it is highly
dependent on the vehicle type as well as on the chosen charging
rate, lower charging efﬁciency would result in higher consumption
implying lower voltages and need for additional voltage regulation.
5. Results
5.1. Scenario overview
This paper compares relevant network parameters for four dis-
tinctive scenarios differing in the season and RPC activation, as
listed in Table 3. It is important to note that PVs are also equipped
with RPC similar to the EV one which cannot be deactivated, i.e., it
is always turned on and PVs are continually contributing to volt-
age regulation by injecting inductive reactive power whenever the
production differs from zero. Nevertheless, this does not inﬂuence
the reactive power provision by EVs since the activation times do
not coincide. Therefore, the base case is considered to be the one
with active RPC from PVs to which then EV contribution has been
added.
The simulations have been made in Matlab Simulink SimPow-
erSystems with a variable time step of maximum 1 min while
the household load proﬁles are constant for their hourly period.
The conducted analysis focused on several relevant network
Table 3
Conducted simulation scenarios.
Scenario Season RPC by PVs RPC by EVs
I Spring On Off
II  Spring On On
III  Winter On Off
IV  Winter On On
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Fig. 7. Phase-to-neutral voltages at selected junction points for the spring scenarios.
Fig. 8. Phase-to-neutral voltages at selected junction points for the winter scenarios.
Fig. 9. Neutral-to-ground voltages at selected junction points for the spring and
winter scenarios.
parameters, i.e., voltage and current magnitude, voltage unbalance
factor (VUF), current unbalance factor (CUF), and active power
losses which will be presented in the following subsections. The
voltage magnitude has been evaluated on 10 min  rms  values for
each phase-to-neutral as well as for the neutral-to- ground. VUF
has been analyzed by comparing the values for each time instance,
whereas active losses have been addressed by comparing the
maximum phase currents and cumulative energy loss values. All
of the mentioned parameters will be presented for the selected
junction points, i.e., transformer low-voltage side (node 301), the
beginning of the observed feeder (node 601A), and the end points
of each area (node 604 for area A and node 613 for area B).
5.2. Phase-to-neutral and neutral-to-ground voltage magnitudes
The 10 min  rms  voltage values for spring scenarios are given
in Figs. 7 and 9a, whereas the winter scenarios are presented in
Figs. 8 and 9b. While the minimum voltage on heavily loaded phase
a is comparable to phases b and c in the spring time, it can be eas-
ily seen that the difference is much greater in the winter period
since Vamin reaches almost 0.8 p.u. at the feeder end-point. The rea-
son lies in already high household consumption which is unevenly
distributed on the phases.
Even though the EVs could be integrated in the network without
causing any substantial problems to the network in the spring time,
Table 4
Phase-to-neutral voltage improvements after RPC activation.
Season Node Vmin (%) V (%)
a b c a b c
Spring
301 0.6 0.5 0.4 −49 −56 −36
601A 3.1 2.1 1.6 −46 −34 −32
604 3.1 2.9 2.1 −41 −30 −29
613  5.6 2.7 2.1 −39 −16 −19
Winter
301 0.4 0.4 0.4 −3 −9 −1
601A 3.5 1.9 1.8 −47 −51 −44
604 3.5 2.1 1.9 −45 −43 −41
613  6.3 1.9 2.6 −44 −37 −31
voltage support is needed for charging the same cars in the winter
time. It is clear from the ﬁgures that the voltages improve after acti-
vation of RPC by electric vehicles. Not only does the Vmin increase
at all junction points and all phases, but the voltage dispersion V
also decreases as summarized in Table 4. As anticipated, RPC has
the highest inﬂuence on phase a where the relative deviation is
decreased twice as much than on the other two phases. However,
looking at the voltage dispersion (standard deviation), the change is
comparable for all three phases with the highest value of 56% occur-
ring for phase b in the spring period. Similarly, neutral-to-ground
voltages are decreased from maximum 5.7 V to 4.4 V in the spring
scenario, and from 6.5 V to 4.6 V in the winter one. Even though
there is no regulation for neutral-to-ground values, keeping them
as close as possible to zero is desired. Hence, the analyzed control
is beneﬁcial in achieving this goal.
For lower EV penetration rates, the qualitative effect of the pro-
posed control is the same, whereas the quantitative is reduced since
there is less units capable of providing voltage support. For exam-
ple, in the spring case with 50% EV penetration rate, the minimum
phase-to-neutral voltage on phase a at node 613 had been increased
by 2.2% compared to 5.6% in 100% EV penetration case, whereas the
voltage dispersion has been decreased by 33% compared to 39%.
As aforementioned, one of the beneﬁts of the proposed EV
reactive power control is more support to the more loaded phase.
More precisely, for different unbalance scenarios, the vehicles will
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Table  5
Maximum EV reactive power provision per phase and respective voltage improvement for different unbalance situations in the winter scenario.
Season Load unbalance ratio (%) Ploadmax (kW) QEVmax (kVAr) Vmin (%)
a b c a b c a b c
Winter
33:33:33 133.9 130.3 133.9 23.7 21.5 22.7 3.6 3.3 3.7
40:30:30 150.4 122.1 125.8 25.9 18.6 21.6 3.8 3.1 3.5
50:25:25 175.1 109.7 113.4 25.9 11.8 22.0 6.3 1.9 2.6
provide different amounts of reactive power at each phase as seen
in Table 5 for the winter period with 100% EV penetration. First of
all, the data indicates that the case of equal load distribution per
phase is not completely balanced, which is due to different number
of houses per node, and therefore unequal distribution of EVs per
each node. Therefore, the maximum reactive power provision is
similar, as well as the impact on the minimum voltage raise, but
it is not entirely the same for all three phases. Secondly, it is clear
that as the load unbalance increases, the reactive power support
on phase a also increases, while the support on other two  phases
decreases. The same effect is seen on minimum voltage improve-
ment which can be associated to the lower need for improving
the voltages on phases b and c. Further on, the maximum reactive
power limit is reached for vehicles on phase a indicating that the
voltages are too low and there is need for additional support on
this phase. Finally, it can be seen that in the heavily unbalanced
case, the reactive power provision on phase a is much higher than
on the other two phases, whereas the support to phase b is much
less compared to the one to phase c. This can be explained by the
fact that phase-to-neutral voltages are not completely decoupled
one from each other, so supporting one phase will partially impact
the other two phases due to moving of the ﬂoating neutral point.
In this case, the voltage on phase b rises, and because the vehicles
are not completely synchronized, some of the controllers will react
later and adjust the support according to the voltage which has
already been impacted by the controllers on the other two phases.
However, since the reported voltage improvements are at the
expense of increased reactive power and potentially increased
loading, grid power losses have been analyzed and reported in
Section 5.5.
5.3. Voltage oscillations
Fig. 10 depicts the reactive power ﬂow at phase c for one spring
day, separately for the loads, PVs and EVs for a lower EV penetration
of 50%. Since the simulation is run with a variable time step of maxi-
mum 1 min, short-term oscillations have been noticed due to simul-
taneous reaction of the RPC controllers from the PVs in the middle
of the day. More precisely, as the phase a controller improves the
corresponding voltage, it inﬂuences the voltages on the two  other
phases at the same time. Similarly, the controllers on other phases
try to improve the matching voltages and impact the remaining
phases. Since the controllers are autonomous, they do not count
for the voltage deviations made by the other controllers and there-
fore do not compensate the reactive power accordingly. Hence, at
a certain point when the phase-to-neutral voltages come close one
to each other, reactive power oscillations occur which eventually
cause voltage oscillations. Similar synchronization issues have been
observed with other coordinated controllers for active power provi-
sion by distributed energy resources [12]. In the 50% EV penetration
case, there is no oscillations for the EVs as there is no synchroniza-
tion issue between them due to their lower number. As PVs and EVs
do not coincide in time, the voltage at the peak time is inﬂuenced
solely by the EV reactive power provision, so there is no voltage
instability at that period, whereas the instability appears from the
PVs in the middle of the day. Moreover, due to lower EV penetra-
tion and less available units for the voltage support, the minimum
Fig. 10. (a) Phase-to-neutral voltage on phase c at node 601A, and (b) total reactive
power for the observed feeder’s phase c in case of 50% EV penetration for one spring
day.
phase-to-neutral voltage has been improved only by 0.33%. It can
be seen from Fig. 10 that EVs provide around 8 kVAr of reactive
power support which is approximately 62% of the maximum capa-
bility for 7 vehicles on phase b. The maximum was  not achieved as
phase-to-neutral voltages are low enough so that the EVs provide
full reactive power support constantly.
The mentioned voltage oscillations represent a potential draw-
back of the dynamic reactive power control which occurs for high
local EV penetration rates. An example of reactive power control of
a single vehicle connected to phase c can be seen in Fig. 11 for one
working day of the observed winter and spring week with 100% EV
penetration. Random delays up to 6 s have been implemented in
Fig. 11. Example of reactive power provision by a vehicle connected to phase c at
node 613 for (a) spring and (b) winter.
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Fig. 12. Example of reactive power provision by a vehicle connected to phase c at
node 613 for a spring scenario with reduced droop slope.
the controllers to address this oscillation issue and diversify the EV
response. Even though the delays are successful in removing oscil-
lations for the winter period, they are not enough for avoiding them
completely in the spring case. Interestingly, Fig. 11 also shows that
the controller reaches the saturation limit of 1.85 kVAr in the win-
ter case indicating that the demand for voltage support is greater
than it can be provided by the EV. There are still periods when the
oscillations are present which could be resolved by implementing
a moving average on the voltage measurements or by modifying
the slope and maximum values for the RPC capability depending
on the speciﬁc grid’s parameters.
Implementing an adaptive droop slope for high EV penetra-
tions which limits the maximum reactive power provision could
be potential solution for mitigating the voltage oscillations. Fig. 12
depicts the reaction of the same vehicle shown in Fig. 11 for an
adjusted droop with a reduced slope in 100% penetration scenario.
It can be seen that the voltage oscillations have disappeared in this
case as the reactive power provision has been limited for each unit,
but the reactive power provision of the vehicle has been reduced
almost by half resulting in greater voltage dispersion than in the
case of the original control. However, the mentioned oscillation
issues have not been thoroughly studied in this paper, so inves-
tigating an adaptive controller for different grid parameters and
speciﬁc EV penetration rate is left for future work.
5.4. Voltage unbalance factor
Voltage unbalance factors VUF−, VUF0 and VUFrms have been cal-
culated according to (5), (6) and (7), respectively for all junction
points. As expected, it was observed that voltage unbalances are
higher in the winter case when the consumption is substantially
greater due to the heating needs. Fig. 13 reports VUF− values for the
selected nodes in the winter period. Node 613 has been recognized
as the most critical node since it is the most distant connection
point in the network with the highest unbalances, and is therefore
chosen as the focus point of further analysis.
Table 6 summarizes maximum VUF values at node 613, and
the time for which VUF− is not compliant with the standard [24].
Looking at the scenarios without the voltage support, it can be
observed that VUF− is always below the limit during the spring
period while the limit violations occur in the winter period. How-
ever, they are still within the EN50160 requirements which allow
Fig. 13. VUF− at selected junction points for the winter scenarios.
Table 6
Voltage unbalance factors at node 613 for conducted scenarios.
Scenario Season VUF−max (%) VUF−> 2 % (h) VUF0max (%) VUFrmsmax (%)
I Spring 1.55 0 4.2 4.4
II  Spring 1.87 0 3.5 3.7
III  Winter 2.13 1.2 7.9 8.1
IV  Winter 1.99 0 5.6 5.8
5% or approximately 9 h of VUF− > 2% in a week. On the other hand,
maximum VUF0 and VUFrms are above the 2% limit well beyond the
acceptable duration, especially in the winter time when the limit is
almost constantly violated, mainly due to the large residential load
unbalance.
By introducing droop RPC in the spring period, VUF− is slightly
increased which can be explained by the fact that the direct voltage
component is decreased while the inverse one remains the same.
Still, both values are within the limits so it can be considered as a
minor drawback in regards to voltage improvements. On the other
hand, even though VUF− > 2% occurs less than 1% of the time in the
winter period, it is additionally decreased with RPC introduction
resulting in values below 2% at all times. However, it can be noted
that assessing only the inverse sequence VUF may  not be good
enough in the three-phase four-wire systems as the zero sequence
has signiﬁcant impact on the system, so both inverse and zero VUF
have to taken in consideration. Even though it was  found that VUF−
increases in some cases after RPC activation, the positive impact of
the proposed control on VUF0 and consequently on VUFrms is much
higher, leading to overall unbalance reduction. Despite the fact that
RPC is not making the grid fully compliant with the standard, it
helps to decrease the VUF0 and VUFrms values, both in magnitude as
well as in duration for both winter and spring scenario. In order to
further analyze the RPC contribution to unbalance mitigation, the
zero sequence current unbalance factor (CUF0) has been calculated
and reported in Section 5.5.
Moreover, this analysis has been carried out on a relatively
strong network with the three-phase short circuit power of 10 MVA.
In the case of a weaker grid, unbalances could be much higher
resulting in additional need for voltage support. Since VUF− is
highly dependent on the external grid’s strength, Table 7 shows
the inﬂuence of a lower three-phase short circuit power (Sk3) on
the VUF− for the winter scenario, and clearly indicates how the
unbalances increase for weaker grids. Reactive power control in
such case could be crucial for mitigating the voltage unbalances
and making the grid fully compliant with the standard EN50160.
5.5. Power losses
A major drawback of reactive power control is potential exces-
sive loading and therefore increased energy losses. To address this
issue, Table 8 compares the maximum currents and active energy
losses for conducted scenarios, as well as the zero sequence current
unbalance factor (CUF0). It is evident from the table that the active
losses throughout the spring scenarios do not increase signiﬁcantly
and amount to around 3.5% even though the total reactive energy
increased after RPC activation. On the contrary, maximum phase
and neutral currents are signiﬁcantly lower in the winter period
after RPC activation leading to decreased energy losses of 0.1%.
The reason lies in the fact that there is inductive reactive power
Table 7
Inﬂuence of the three-phase short circuit power on the maximum VUF− in the winter
scenario.
Sk3 (MVA) VUF−max (%) without RPC VUF−max (%) with RPC
5 4.31 2.89
10  2.13 1.99
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Table  8
Maximum currents, current unbalance factor and active power losses in the observed feeder.
Scenario Season Iamax (A) Ibmax (A) Icmax (A) Inmax (A) CUF0max (%) Active losses (kWh) Relative active losses (%)
I Spring 454 335 339 124 24.8 440 3.47
II  Spring 434 332 338 105 17.4 444 3.52
III  Winter 698 539 552 139 26.5 1008 3.57
IV  Winter 658 519 530 98 20.4 972 3.47
in the grid before the RPC implementation. Therefore, EVs ﬁrstly
consume the inductive reactive power and then inject additional
capacitive reactive power for voltage support. It can be concluded
that RPC from EVs can be effectively used for voltage support with-
out notably inﬂuencing the energy losses. In addition, the proposed
control has positive effect on the current unbalance factor both
in the spring and winter scenario, meaning that it contributes
to reducing the neutral conductor current which implies partial
unbalance mitigation.
6. Conclusion and future work
Electric vehicle employment will greatly affect future distri-
bution networks leading to additional requirements concerning
voltage regulation. On the other hand, the impact of EV charg-
ing can be substantially reduced with on-board strategies which
do not require additional communication infrastructure, but solely
depend on local measurements. This paper proposed a reactive
power droop control for phase-wise enhanced voltage support
which can be easily implemented with existing EV electronics and
can be used for voltage support while charging regardless of the EV
location and phase connection.
The proposed control was tested on a real Danish low-voltage
grid, and the results show that voltage dependent reactive power
control positively affects voltage conditions and supports high EV
penetration rates in highly unbalanced low-voltage grids. Even
though the tested grid is not fully compliant with EN50160
standard after RPC activation, the proposed control eliminates volt-
age magnitudes below 0.86 p.u. on all phases in both heavily and
less heavy loaded scenarios. Considering that the grid is highly
unbalanced, RPC provides great improvements since the minimum
voltage is increased up to 6.3% depending on the season and phase-
to-neutral voltage dispersion has been reduced up to 56%. Short
term voltage oscillations have been noted for high EV penetration
rates due to simultaneous controllers’ reactions, but have been par-
tially alleviated by implementation of random delays. In addition,
such oscillations could be overcome by implementing an adaptive
droop depending on the EV penetration rate, and speciﬁc system
parameters and measurements. The proposed control has also been
tested for a lower EV penetration rate when there are no synchro-
nization issues. It was concluded that the controllers’ qualitative
impact is the same, whereas the quantitative one changes due to
less available vehicles.
The paper also addresses the impact of the proposed control on
grid unbalances. It was noted that inverse voltage unbalance fac-
tor can slightly increase in some cases, but the proposed control
reduces VUF0 as well as CUF0 in all scenarios. EVs provide unequal
reactive power to different phases resulting in reduction of neutral
conductor current as well as partial mitigation of the unbalances
caused by residential loads. In weaker grids where the unbalances
are higher, such control could be crucial for integration of high
EV amounts without additional grid reinforcement. Considering
that RPC introduces potential increased loading due to increased
reactive power, energy losses have been addressed in the study.
It is concluded that voltage improvements are much higher than
the side effects of additional loading since not only that the losses
are marginally increased in the spring scenarios, but they are even
decreased in the winter scenario due to the local consumption of
already existing inductive reactive power.
If EVs do not provide support to the grid, the DSO will be forced
to employ additional units for ensuring the power quality in case of
high EV penetrations resulting in overall greater cost for the soci-
ety. Droop parameters of the proposed reactive power controller
can be easily changed depending on speciﬁc distribution grid mak-
ing reactive power control applicable to any location and scalable
for larger areas. Given the considered beneﬁts, reactive power capa-
bility for EV chargers should be included in future grid compliance
regulations, similarly to the current requirements for conventional
power plants or PVs in countries with high penetration rates. Future
work includes evaluating the RPC inﬂuence on short-term dynam-
ics including ﬁnding the optimal slope for different grid parameters
and speciﬁc EV penetration rate to avoid voltage oscillations, as
well as investigating Mode 3 charging infrastructure with higher
charging power.
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